Little is known about the prevalence of antimicrobial resistance (AMR) amongst bacterial pathogens in sub-Saharan Africa (sSA), despite calls for continent-wide surveillance to inform empirical treatment guidelines.
Introduction
Effective empirical therapy of bacterial diseases requires knowledge of local antimicrobial resistance (AMR) patterns, acquired through up-to-date surveillance. Recently, alarming reports on the prevalence of (multi)drug-resistant bacteria in low-and middle-income countries in Asia, particularly the Indian subcontinent, have been published. 1 Very little is known about current resistance patterns of common pathogenic bacteria in sub-Saharan Africa (sSA) where surveillance capacity is minimal. 2 In sSA, the relative burden of infectious diseases is high. 3 Recent studies show that the consumption of antimicrobials is rising in sSA; 4 however, often only a small repertoire of (poor-quality) antimicrobials is available, which may be sold over the counter without proper diagnostic guidance. 5 Inadequate hygiene and infection control in hospitals may increase the spread of (multi)drug-resistant pathogens. 6 In the absence of continent-wide surveillance of drug resistance in sSA, as recommended by the WHO, 7 and while awaiting further implementation of effective surveillance programmes in sSA, few analyses and reviews have been done describing increasing AMR in the region. 8, 9 Other review studies have either focused on a certain subregion, 10 specific age group, 11 class of antibiotics 12 or clinical syndrome. 13, 14 This review aims to give a broader and updated overview of AMR in sSA (excluding South Africa) between 1990 and 2013. Common bacterial pathogens for this region were included, classified by the WHO as key pathogens for surveillance, causing community-as well as hospital-acquired infections.
Methods

Search strategy
We searched PubMed for articles published in English, French, German or Dutch between 1990 and 2013 using a dedicated search string (see the Supplementary methods, available as Supplementary data at JAC Online). Additional searches were performed in the online database of the Cochrane Database of Systematic Reviews and in African Journals Online using the search terms 'antimicrobial drug resistance', 'antimicrobial susceptibility' and 'Africa'. Reference lists of relevant articles were scanned for additional titles (see the Supplementary methods).
Study selection criteria
Studies were included in this systematic review if they were published between January 1990 and January 2013 and reported in vitro resistance levels to relevant antibiotics in key pathogens for surveillance, determined for at least 10 unique isolates which were cultured from patients with corresponding clinical syndromes, in sSA. We included studies reporting on samples from both sterile as well as non-sterile sites taken from patients of all age groups.
The selection of clinical syndromes, pathogens and antibiotics was based on the WHO recommendations published in the 2002 Surveillance Standards for Antimicrobial Resistance 7 (Table 1 ). In addition to the list recommended by WHO, the following pathogens were added based on their clinical relevance: non-typhoidal Salmonella species, 15 Shigella flexneri and Shigella sonnei (designated Shigella non-dysenteriae), Vibrio cholerae, Pseudomonas aeruginosa, Klebsiella pneumoniae and Staphylococcus aureus (Table 1) . For patients with a febrile illness, key pathogens isolated from any clinical sample were included. The selection of relevant antibiotics was broadened based on expert opinion and included narrow-spectrum and extended-spectrum b-lactams (with or without b-lactamase inhibitor), aminoglycosides, macrolides, (fluoro)quinolones, chloramphenicol, tetracyclines, trimethoprim/sulfamethoxazole (co-trimoxazole) and nitrofurantoin (Table S1 , available as Supplementary data at JAC Online).
The selection of countries in sSA was based on the composition of the geographical region of sSA as defined by the United Nations Statistics Division 16 (2011; Figure 1 ). The Republic of South Africa was excluded based on the premise that a disproportionate amount of data would be available in comparison to the other included countries. 13 Distinction was made between hospital-acquired and community-acquired infections, with the former being defined as new clinical infections in patients who had been admitted for ≥48 h in a hospital setting.
Selection procedure
The titles and abstracts of all search results were listed per country and were reviewed by at least two investigators (S. J. L., H. T., C. S. and F. v. L.) to identify papers for full-text review. Abstract-based selection was done using predefined inclusion and exclusion criteria. When selection of articles on the basis of abstracts remained inconclusive, full texts were retrieved. Disagreement about selection of abstracts was resolved by the independent review of a third investigator. Names of authors from articles in the search results were not blinded before or during abstract and full-text review. When papers were selected for full-text review after abstract review, retrieval of the full-text version was attempted through PubMed, institutional web sites, the medical library of the University of Amsterdam, the Royal Tropical Institute (Amsterdam), HINARI (Geneva) or by personal communication with study authors. Full-text review was performed by two investigators (S. J. L. and H. T.) using a pre-specified checklist.
Studies were required to fulfil all selection criteria and none of the exclusion criteria. None of the papers selected for full-text review was excluded based on a priori set quality criteria given the absence of such criteria for AMR surveys or laboratory-based studies (see the Supplementary methods).
Discrepancies between the two reviewers on inclusion or exclusion of an article for analysis were independently resolved by a third investigator. Reports on specific subgroups such as patients infected with HIV/AIDS; or reports on isolates which were analysed in a laboratory outside the region but obtained from patients in one of the predefined countries, were included.
Data extraction
A database was created in which the study period and the year of publication, study location, clinical syndrome and pathogen(s) tested were recorded. In addition, we recorded the age group, study and laboratory setting, sample type, culture methods, susceptibility testing methods, 
Analysis approach
The extracted data were standardized to a prevalence of resistance, defined as the percentage of isolates being resistant out of the total number of isolates tested for the specific drug. Intermediate susceptible strains were categorized as resistant. Susceptibility data obtained by determination of the MIC were only included if prevalence of resistance could be determined and were combined with resistance estimates obtained using disc diffusion for a given pathogen. We report the prevalence of resistance as the median with the corresponding IQR by clinical syndrome, microorganism and most relevant antimicrobial drugs.
For publications that reported on a single clinical syndrome but for separate independent periods of data collection or from different independent study populations, e.g. community-acquired and hospital-acquired infections, we considered each independent dataset as a separate study. A single study could report on multiple syndromes, resulting in the number of syndromes reported being larger than the number of studies included, which in turn is larger than the number of publications extracted.
We did not pursue a meta-analysis of AMR to antimicrobial drugs of particular interest, after initial meta-regression showed an unacceptably large heterogeneity between the studies at the level of geographical region. A meta-analysis within each of the geographical regions was considered but rejected on the basis of having too few studies for most of the pathogen-antimicrobial drug combinations per region. For selected clinical syndromes and microorganisms, we show individual study data of resistance estimates to give insight into the spread and precision of individual studies. In addition, attempts were made to analyse time trends of resistance to relevant antimicrobial drugs for these microorganisms. CIs were based on the binomial distribution with an Agresti adjustment if needed. 17 All analyses were performed using STATA version 12 (STATA, College Station, TX, USA). 
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Results
Characteristics of studies included in the analysis
Our search generated 2005 articles. During abstract review, 1355 articles were excluded because they did not meet the inclusion criteria. Six hundred and fifty articles were identified for fulltext review, of which 190 were included in the final analysis ( Figure 2 ), yielding a total of 256 studies. Eighty studies originated from west sSA (WA), 19 from central or southern sSA (CSA) and 157 from east sSA (EA). Two out of 8 (25%) countries in WA (Nigeria and Senegal) accounted for 65% of studies from this region, whilst 2 of 14 (14%) countries (Ethiopia and Kenya) accounted for 50% of studies from EA ( Figure 1 ). A total of 256 studies were included in the analysis, of which a majority of 154 (60%) reported on data obtained in hospitalbased clinical studies. Seventy-three percent of the studies were derived from an urban setting. The laboratories where antimicrobial susceptibility data were generated were based in clinical hospitals in 190 (74%) studies. The use of guidelines for antimicrobial susceptibility testing (AST) was reported in 197 (77%) studies. However, only 116 (45%) studies reported which breakpoints were used to define susceptibility and resistance of the isolates tested, while 120 (47%) studies reported on the application of quality controls when performing AST.
The 256 studies provided 259 estimates for the included clinical syndromes. Four publications reported on both community-acquired and hospital-acquired infections. The number of studies per clinical syndrome varied widely, with a low number of studies including bacterial meningitis (20; 8%) and urinary tract infection (UTI) (24; 9%) isolates, compared with studies including isolates associated with diarrhoea (54; 21%) and febrile illness (109; 42%).
The study period in which data were collected was not reported in the majority of the studies, precluding analysis of time trends.
Pathogens isolated from patients with a community-acquired febrile illness
The median prevalence of resistance to ampicillin and cotrimoxazole for the Enterobacteriaceae, isolated from patients with febrile illness, ranged between 55.6% and 96.7% and between 51.0% and 86.7%, respectively. The median prevalence of resistance to chloramphenicol, including for Salmonella enterica Typhi, ranged between 31.6% and 94.2% for WA and between 31.0% and 70.2% for EA, whilst a study from CSA showed a prevalence of 41.3% in Salmonella Typhi. The median prevalence of resistance to third-generation cephalosporins ranged between 0.0% and 46.5% in WA, between 6.0% and 15.4% in CSA and between 0.0% and 22.0% in EA (Table S2 , available as Supplementary data at JAC Online). Fluoroquinolone resistance prevalence was generally low. However, the median prevalence of resistance to nalidixic acid in Salmonella Typhi, indicative of reduced susceptibility to fluoroquinolones, ranged between 34.8% in EA, 15.4% in CSA and 43.2% in WA. Data on azithromycin resistance in any of the Enterobacteriaceae was only found in one study on Salmonella Typhi from CSA reporting a 1% resistance prevalence.
154 Individual study data of chloramphenicol, thirdgeneration cephalosporins and fluoroquinolone resistance prevalence in Escherichia coli and Salmonella Typhi, combining all sSA regions, are presented in Figure 3 . The median prevalence of gentamicin resistance ranged between 16.0% and 35.0% for E. coli and 28.6% and 47.0% for K. pneumoniae (Table S2) .
Data for Streptococcus pneumoniae isolated from patients with a febrile illness indicated high levels of resistance to co-trimoxazole and tetracycline (Table S3 , available as Supplementary data at JAC Online). Resistance to erythromycin showed a consistently low prevalence whilst the median prevalence of resistance to amoxicillin was 3.6% in WA and 15.8% in EA. There was an equally striking difference in the median prevalence of resistance reported to thirdgeneration cephalosporins of 0% in WA and 22.1% in EA, in the absence of data from CSA (Table S3 ). In contrast, the median prevalence of resistance to chloramphenicol was similar in both regions with 8.0% in WA and 7.1% in EA.
The median prevalence of resistance to oxacillin in S. aureus isolated from patients with a febrile illness was 13.4% for WA and 8.0% for EA, in the absence of data from CSA. The median prevalence of resistance to tetracycline, erythromycin, chloramphenicol and co-trimoxazole in S. aureus ranged from 21.4% for erythromycin to up to 80.0% for co-trimoxazole (Table S3) .
Pathogens isolated from patients with community-acquired acute diarrhoea or UTI
The median prevalence of resistance to ciprofloxacin and third-generation cephalosporins in Enterobacteriaceae isolated from patients with diarrhoea was low ( A publication that appears with multiple entries reported on separate independent periods of data collection or on different independent study populations, each of which was considered a separate study. (Table S5 , available as Supplementary data at JAC Online). Data on resistance in Enterobacteriaceae isolated from urinary culture indicated high levels of resistance to co-trimoxazole and ampicillin, similar to isolates from patients with diarrhoea (Tables S4 and  S5) , leaving nitrofurantoin and ciprofloxacin for oral therapy (Table S5 ). Individual study data of co-trimoxazole, fluoroquinolone and nitrofurantoin resistance rates of E. coli and K. pneumoniae, isolated from patients with a community-acquired UTI combining all sSA regions, are presented in Figure 4 .
Pathogens isolated from patients with community-acquired acute respiratory tract infection
A limited number of studies reported on resistance in respiratory isolates of S. pneumoniae and Haemophilus influenzae (Table S6 , available as Supplementary data at JAC Online). The median prevalence of resistance to erythromycin was consistently low for S. pneumoniae and ranged between 0% and 5.9%. The median prevalence of resistance to tetracycline was high for both S. pneumoniae (42.7%) and H. influenzae (100%) in WA, but much lower in EA (13% and 0%, respectively). Similarly, the median prevalence of resistance to co-trimoxazole appeared much higher in WA than in EA for both pathogens.
Pathogens isolated from patients with other clinical syndromes
The number of studies reporting on isolates of S. pneumoniae, H. influenzae and Neisseria meningitidis from patients with meningitis (not related to outbreaks) for which resistance data were reported was small. However, data indicated a high median prevalence of resistance to chloramphenicol and ampicillin for H. influenzae isolates (Table S7 , available as Supplementary data at JAC Online). Very few studies reported data on resistance to third-generation cephalosporins in these pathogens. The median prevalence of resistance reported was 0% for S. pneumoniae, between 0% and 6.0% for H. influenzae and 6.5% for N. meningitidis (Table S7) . Neisseria gonorrhoea, isolated from patients with urethral or vaginal discharge, showed a high median prevalence of resistance to penicillin and tetracycline. The median prevalence of resistance to ciprofloxacin and ceftriaxone was 0%, except for ceftriaxone resistance in CSA for which a median of 11.6% was reported (Table S8 , available as Supplementary data at JAC Online).
We found very few studies on hospital-acquired infections in sSA and the available studies reported on small numbers of isolates. Data from EA suggested that methicillin-resistant S. aureus is prevalent in hospitals. Data on isolates obtained from wound infections provided similar limited information (Tables S9, S10 , S11 and S12, all available as Supplementary data at JAC Online).
Discussion
AMR is rapidly increasing across the globe. Given the importance of bacterial infections in the aetiology of febrile illness and other clinical syndromes in sSA, empirical treatment of these clinical syndromes should include antimicrobial therapy guided by the local epidemiology of AMR. 14, 18, 19 Unfortunately, as our results show, data on the prevalence of resistance to commonly used antimicrobial drugs in major bacterial pathogens based on systematic prospective surveillance of AMR in sSA are still limited or absent.
Our results indicate that the majority of the available data for sSA included in the analysis come from a limited number of countries and settings. There is a paucity of data from CSA countries. In addition to the introduction of bias, this geographical distribution of included studies indicates a virtual absence of recent information on AMR in clinical pathogens, outside of outbreak settings, in the majority of sSA countries. The median prevalence of resistance reported to chloramphenicol, which is inexpensive and therefore commonly used, was high across the different clinical syndromes and throughout sSA and chloramphenicol should not be recommended for use without availability of susceptibility test results. The median prevalence of resistance to thirdgeneration cephalosporins in E. coli and K. pneumoniae, presumably largely due to the production of extended-spectrum b-lactamases, and the median prevalence of resistance to gentamicin, the main representative of the aminoglycosides reported, were also considerable. Taken together, these data present a worrisome picture of AMR in Enterobacteriaceae in sSA, currently leaving third-generation cephalosporins and the fluoroquinolones as the main drugs of choice for empirical treatment of febrile illness and the carbapenems as an alternative (Table S13 , available as Supplementary data at JAC Online).
Strikingly few studies reported on resistance rates in Enterobacteriaceae isolated from patients with UTI. This observation is surprising as bacterial culture of urine is relatively easy, in contrast to culture of faeces, blood or CSF, and AST results can provide clues into the prevalence of AMR in the community. In addition, empirical treatment of UTIs is likely to contribute heavily to community-based antimicrobial drug usage, thus contributing to AMR. A high median prevalence of resistance to co-trimoxazole, ampicillin and amoxicillin/clavulanic acid in E. coli and K. pneumoniae was reported. The main remaining options for oral therapy are nitrofurantoin and fluoroquinolones. However, nitrofurantoin may not be available in all countries in sSA.
As was also reported by other investigators, 13 there is a staggering lack of data on resistance in pathogens causing bacterial meningitis, outside of outbreak settings. The development of rapid diagnostic tests (RDTs) to improve diagnostic capacity for bacterial meningitis is extremely valuable for diagnostic practice, but enhanced efforts in clinical bacteriology will be needed to provide data on penicillin resistance in isolates of S. pneumoniae and N. meningitidis which RDTs currently do not provide. 20, 21 The latter notion also applies to N. gonorrhoea and resistance to fluoroquinolones and third-generation cephalosporins. Data on AMR in nosocomial infections are equally lacking and there is an urgent need for better insight into AMR prevalence in hospitals, particularly in intensive care settings. 20 There are a number of methodological considerations related to the studies included in our review. The majority of studies were urban hospital-laboratory based and therefore reflected AMR prevalence in a biased study population with potentially higher resistance prevalence than population-based studies or studies from rural areas would have yielded. In addition, reporting of technical performance of susceptibility testing suggests that quality Systematic review Figure 4 . Point prevalence estimates of resistance in E. coli and K. pneumoniae isolated from patients with a community-acquired UTI. Summary chart of point prevalence estimates of individual studies presenting prevalence data on resistance to trimethoprim/sulfamethoxazole (co-trimoxazole) (a and d), fluoroquinolones (b and e) and nitrofurantoin (c) of E. coli (a -c) and K. pneumoniae (d and e) isolated from patients with a community-acquired UTI, combining all sub-Saharan African regions. A publication that appears with multiple entries reported on separate independent periods of data collection or on different independent study populations, each of which was considered a separate study. 
Systematic review
Salmonella Typhi, stratified by region (EA and WA), in studies reporting breakpoints compared with studies not reporting breakpoints (data not shown). Previous reviews on bacterial AMR in sSA, which were limited to certain regions 10 or antibiotic class, 12 reported similar issues. Clearly, there is a need for not only standardized performance of laboratory procedures but also for standardized reporting of the results obtained in the international literature. A considerable proportion of publications identified for full-text review could not be retrieved despite our access to major online databases and medical libraries through multiple research institutes. Publications in highly accessed journals were therefore more likely to be retrieved for analysis. We only included studies reporting AMR data that could be related to a relevant clinical syndrome. With this approach we minimized case-mix and allowed ourselves to describe AMR data with relevance to a clinical setting and empirical treatment strategies. We therefore excluded articles that did not describe any clinical syndrome, in which a clinical syndrome or patient population could not be linked to the pathogens studied or in which a combined resistance was reported for pathogens isolated from different clinical syndromes. Due to these selection criteria, certain potentially highly relevant resistance data may have been excluded from the analysis, including e.g. data on non-typhoidal Salmonella species and data reported in carrier studies. Information on the year of isolation of the reported pathogens was often missing and therefore it was impossible to analyse trends of AMR over time. Despite these drawbacks, our results suggest high prevalence of AMR in clinical bacterial isolates to antimicrobial drugs that are commonly used in sSA. This finding warrants adjustment of empirical treatment guidelines towards recommendations including antimicrobial drugs for which resistance prevalence appears low to moderate, including, for example, nitrofurantoin for uncomplicated UTI and vancomycin for treatment of methicillin-resistant S. aureus infections. Unfortunately, such drugs are often not available in local hospitals or pharmacies.
The WHO recommends continent-wide surveillance of AMR as a health systems approach for containment, 22 of which the relevance has been underlined by others. 23, 24 The implementation of surveillance programmes in low-and middle-income countries was shown to be challenging because human and financial resources and microbiology expertise are insufficient, 25, 26 particularly if adequate sample sizes are to be reached. Clearly, novel approaches to AMR surveillance are needed, which may depend on smaller sample sizes and can provide locally relevant knowledge of AMR patterns, allowing for appropriate empirical antimicrobial therapy. 27 
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